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Targeted disruption of the biglycan gene leads
to an osteoporosis-like phenotype in mice
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The resilience and strength of bone is due to the orderly miner-
alization of a specialized extracellular matrix (ECM) composed
of type | collagen (90%) and a host of non-collagenous proteins
that are, in general, also found in other tissues. Biglycan
(encoded by the gene Bgn) is an ECM proteoglycan that is
enriched in bonel-3 and other non-skeletal connective tissues. In
vitro studies indicate that Bgn may function in connective tissue
metabolism by binding to collagen fibrils* and TGF-B (refs 5,6),
and may promote neuronal survival’. To study the role of Bgn in
vivo, we generated Bgn-deficient mice. Although apparently
normal at birth, these mice display a phenotype characterized
by a reduced growth rate and decreased bone mass due to the
absence of Bgn. To our knowledge, this is the first report in
which deficiency of a non-collagenous ECM protein leads to a
skeletal phenotype that is marked by low bone mass that
becomes more obvious with age. These mice may serve as an
animal model to study the role of ECM proteins in osteoporosis.

The family of small, leucine-rich proteoglycans includes bigly-
can, decorin, fibromodulin, lumican, epiphycan and karatocan®.
The core proteins, to which various glycosaminoglycan side
chains are covalently attached, are mainly composed of tandemly
linked repeats of an approximately 25-aa leucine-rich sequence.
These small proteoglycans function in matrix organization and
in cell metabolism via binding to growth factors®-20. We studied
the function of one member of this family, Bgn, by generation of
Bgn-deficient mice using homologous recombination in embry-
onic stem (ES) cells (Fig. 1a). Two independent ES cell clones
were used to produce chimaeras capable of germline transmis-
sion of the targeted allele. As Bgn is located on the X chromo-
some, wild-type mice have a genotype of Bgn*® (male) and
Bgn*/*(female). Mutant male mice are Bgn™° (Fig. 1b) and do
not express Bgn mRNA (Fig. 1c) or protein (Fig. 1d). Conversely,
the level of decorin, a related proteoglycan, was unaffected in
mineralized bone matrix (Fig. 1d).

Bgn~® mice were born with no apparent patterning defects,
and grew normally until three months after birth, at which point
their growth rate decreased. At six months of age, the body
weight of mutant mice was significantly lower than that of wild-
type littermates (Bgn° 31+4.0 g, n=11; Bgn*/° 41+6.4 g, n=7;
P<0.001), but by nine months this difference had disappeared
(Bgn° 37.0+7.7 g, n=11; Bgn*/% 41.2+9.2 g, n=7; P=0.167).
Although tibia from nine-month-old animals were unaffected
(Bgn0 18.4+0.53 mm, n=12; Bgn*"? 19+0.98 mm, n=7; P=
0.08), femur length at six months was slightly shorter in Bgn=0
mice (Bgn~° 15.2+0.5 mm, n=11; Bgn*/% 15.8+0.6 mm, n=14;

P<0.05) and the mutant femurs became progressively shorter
compared with normal littermates at nine months (Bgn=0 15.1+
0.54 mm, n=7; Bgn*/% 16.1+0.6 mm, n=12; P<0.01), indicating
that Bgn is involved in the regulation of postnatal skeletal growth.
Previous studies have shown that BGN expression level may be
related to stature in humans. Patients with Turner syndrome
(XO) have short stature and low levels of BGN, whereas patients
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Fig. 1 Disruption of the mouse Bgn locus. a, Schematic representation of the
Bgn locus, gene targeting vector and recombination at the Bgn locus. b, Repre-
sentative Southern-blot analysis of male (M) and female (F) mouse tail DNA.
The presence of a 7.8-kb Sacl fragment indicates proper targeting of the Bgn
locus. The 6.0-kb Sacl fragments were from wild-type alleles. Male mice that
have no second Bgn allele are referred to as +/0 (wild type) or /0 (knockout).
¢, Northern-blot analysis of RNA from Bgn*® and Bgn° mice. The top panel
shows the radioactivity after hybridization with Bgn cDNA. The bottom panel
shows ethidium bromide staining of the RNA used. d, Western-blot analysis of
protein from skeletal tissue of mutant and wild-type littermates with or with-
out treatment with chrondroitinase ABC (ABCase) to release the biglycan and
decorin core proteins.
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Fig. 2 Radiological analysis of bones from Bgn*® and Bgn® mice. a—c, Radi-
ographs of femora from wild-type (+/0) and mutant (-/0) mice at the age of
three (a), six (b) and nine (c) months. Note the progressive decrease in trabecu-
lar bone mass (*) with age in the mutant compared with wild-type mice.
d,e, Details of high resolution microradiographs of six-month-old animals.
Note that the trabecular bone is reduced and extends over a shorter distance
below the growth plate in the mutant bone (e). Also note that the angle
between the femoral neck and the great trochanter (arrows) is wider in the
mutant bone, a difference in shape that was consistently observed (d).

with supernumerary sex chromosomes present with increased
limb length and high levels of BGN (ref. 11).

Mutant mice, compared with normal mice, show reduced bone
mass that is apparent upon radiographic and microradiographic
examination (Fig. 2). High-resolution radiographic images of
entire long bones showed a reduction in the amount and density
of trabecular bone, both in epiphyses and in metaphyses. Trabec-
ulae were distributed over a shorter distance from the growth
plate in the mutant mice compared with normal littermates. Cor-
tical thickness was also reduced in mutant mice and the reduc-
tion in bone mass was easily detectable at three months and was
even more prominent in six- and nine-month-old mutant mice.
Subtle differences in bone shape, such as the wider angle between

Fig. 3 Histological analysis of bones from
Bgn*/® (0/+) and Bgn° (0/-) mice. a,b, Low-
power view of undecalcified plastic sections
of the proximal tibia of six-month-old nor-
mal and mutant mice, stained with von
Kossa for mineral and counterstained with
methylene blue. Trabecular structures are
obviously reduced in the epiphysis and the
metaphysis of mutant bone (asterisks).
High-power views of undecalcified plastic
sections of tibial metaphyses (c,d) of six-
month-old normal and mutant mice further
demonstrate the reduction in trabecular
structures in mutant long bones, which can
also be detected at three months in
femoral metaphyses (e,f). g,h, Trabecular
bone in vertebrae of normal and mutant
mice at six months showing a substantial
decrease in the mutant compared with wild
type. i,j, At nine months, there was also
cortical thinning (arrows) in mutant mice.
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the femoral neck and the greater trochanter, could also be consis-
tently detected in mutant bones (Fig. 2d).

The reduced bone mass in mutant mice was confirmed by his-
tological analysis of both conventional and undecalcified plastic
sections of femora, tibiae and vertebrae (Figs 3,4). Epiphyseal
and metaphyseal trabecular structures of long bones were thin-
ner, fewer and poorly connected to each other in the mutant
bone (Fig. 3a—f). Similar changes in trabecular structures were
also detected in vertebrae (Fig. 3g,h). In long bones, the cortical
thickness of the diaphysis was also reduced (Bgn® 177.8 %
5.7um, n=3; Bgn*/% 218.2+4.7 pm, n=3; P<0.01; Fig. 3i,).
Established histomorphometric parameters estimating bone
mass and bone cell numbers!2 were obtained by analysing unde-
calcified plastic sections of mutant and wild-type animals. Ani-
mals were labelled with tetracycline and calcein in vivo (Fig. 4) to
measure the amount of bone deposited in the time interval
defined by the administration of the two fluorescent markers.

BV/TV (bone volume/total tissue volume), a histomorphome-
tric index of trabecular bone mass, was reduced to below 50%
of normal values at three and nine months (Fig. 5a). The gain
in bone mass observed between three and nine months
(A BV/TYV, Fig. 5b) as a function of skeletal growth was negligible
in mutant mice, and significantly lower compared with normal
littermates. As a result, the reduction in bone mass observed in
mutant mice compared with normal littermates was progres-
sively more obvious with increasing animal age. The osteoblast
surface (ObS/BS,%, proportion of bone surfaces covered by
osteoblasts), a reliable histomorphometric indicator of osteoblast
numbers!2, was reduced in the mutant mice (Fig. 5c), whereas
osteoclast surface (OcS/BS,%, proportion of bone surface cov-
ered by osteoclasts; Fig. 5d) and number (OcN/BS, number of
osteoclast per bone surface unit; Fig. 5e) in mutant bones were
equivalent to normal littermates. This suggested that the reduced
bone mass was related to reduced bone formation and was not
dependent upon increased osteoclastic bone resorption.

The decrease in bone formation was confirmed by measure-
ment of established dynamic parameters of bone formation!2 in
bone sections from animals that were dual labelled with tetracy-
cline and calcein in vivo (Fig. 4). Mineralizing surface (MS, which
estimates the proportion of bone surface undergoing mineraliza-
tion, that is, the extent of formative surfaces; Fig. 5f), mineral
apposition rate (MAR) and bone formation rate (BFR; both of
which estimate, based on the spatial separation of the two fluores-
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Fig. 4 Analysis of bone formation by in vivo labelling with fluorescent markers
of mineralization. a, Fluorescent micrographs of newly formed bone after dual
labelling with tetracycline and calcein (only calcein is shown here) in Bgn*/0 (+/0)
and Bgn™® mice (-/0). The overall reduction in trabecular bone mass is readily
apparent (asterisks). Note differences in the amount of labelling between wild-
type and mutant femora. Representative double fluorescent labelling patterns
are shown for both trabecular (b,c) and cortical (d,e) bone of wild-type (+/0)
and mutant animals (-/0) respectively. Note the differences in the distance
between the tetracycline (faint label, single arrow) and calcein (vivid label, dou-
ble arrows) labels. The distance represents the amount of bone which was
deposited in the time interval between tetracycline and calcein administration.

cent labels in newly formed bone, the rate of bone formation dur-
ing the time interval defined by the fluorescent labels; Fig.5g,h)
were all significantly decreased in mutant mice compared with
normal littermates. Together, the static and dynamic histomor-
phometric measurements indicate that mutant mice reach a much
lower maximal (peak) bone mass compared with normal litter-
mates, due to deficient osteoblast numbers and activity.

Although total ash weight (an indicator of the mineral content
for each bone) was reduced in mutant long bones (Bgn° 23.8+
2.7 mg/tibia, n=7; Bgn+’O 29.8+3.1 mg/tibia, n=7; P<0.01), there
was no significant reduction in bone ash content (mineral-to-
matrix ratio: Bgn~ 65.8+1.2%, n=7; Bgn*/? 66.8+0.81%, n=7).
Furthermore, the mineral crystal size and shape as determined by
X-ray diffraction (data not shown) was unaffected in mutant ani-
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mals. However, when FTIRM (Fourier transform infrared
microscopy) was used to measure the ratio of mineral (phos-
phate) to protein (amide) absorbance (which is related to the
mineral-to-matrix ratio3), a decrease was observed in both tra-
becular mutant bone (three months: Bgn0 6.5+2.3, n=9; Bgn*/0
7.9+1.4, n=17; P<0.05; six months: Bgn0 6.39+0.96, n=20;
Bgn*/0 7.77+1.5, n=11; P<0.05) and cortical mutant bone (three
months: Bgn~°8.86+1.4, n=13; Bgn*/0 11.5+ 1.5, n=13; P<0.05;
six months: Bgn70 7.86+0.97, n=24; Bgn*/® 9.48+1.4, n=24;
P<0.05). These changes may reflect a localized effect of biglycan
deficiency on mineral formation, as it has been reported that
biglycan alters seed crystal growth and habit in vitro4.
Biomechanical tests that primarily measure the structural and
material properties of cortical bonel® were carried out on three-,
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Fig. 5 Bone histomorphometry. a, BV/TV represents the ratio of bone volume to tissue volume and estimates bone mass. b, A BV/TV represents the gain in tra-
becular bone mass between three and nine months, and is calculated as the mean difference between BV/TV values recorded at nine months and the mean val-
ues of BV/TV at three months for each group (normal versus mutant). ¢, ObS/BS,% represents the proportion of bone surface covered with osteoblasts, and
estimates osteoblast numbers. OcS/BS,% (d) and OcN/BS (e) estimate bone resorption as osteoclast surface and number, respectively, over bone surface. MS (f),
MAR (g) and BFR (h) are measured using sections from animals that were dual labelled with tetracycline and calcein in vivo. MS estimates the extent of bone sur-
face undergoing mineralization (that is, formative bone surfaces). MAR and BFR measure the amount of bone that is mineralized or deposited per time unit, and
are based on the measurement of the distance between the two fluorescent labels. Bars represent the mean+s.d. for wild-type (closed) and mutant (open) mice,

and * and ** indicate P<0.05 and P<0.01 between the two groups, respectively.
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Table 1 « Biomechanical properties

Property Genotype 3mo 6 mo 9 mo

Yield energy +/0 33.52+5.76 25.28+3.99 19.39%3.17
(N -mm) -/0 31.60+3.61 19.95+£3.18* 17.16+3.57
Failure load +/0 38.46+6.02 36.29+9.96 33.85+6.44
(N) -/0 35.34+2.97 28.54+4.11** 28.18+6.55

Results using femora from three-month-old (mo) +/0 (n=5), -/0 (n=5), six-
month-old +/0 (n=7), /0 (n=9) and nine-month-old +/0 (n=5) —/0 (n=8) trans-
genic animals. Statistical significance between control and mutant animals was
determined using two-way ANOVA (*P=0.017, **P=0.015).

six- and nine-month-old mouse femurs (Table 1). There was a
trend towards decreased failure load (an indicator of bone
strength) and yield energy (an indicator of bone ductility) in the
mutant mice compared with normal mice. These data corrobo-
rate the histomorphometric analysis that indicate cortical thick-
ness was less reduced (20%) compared with the reduction in
trabecular bone volume (60-70%). Development of novel tests
that specifically measure trabecular biomechanical properties (in
mice) will be required for more detailed analysis of this specific
pattern of osteoporosis and the performance of regions rich in
trabecular bone, which are critical targets for osteoporotic frac-
tures (for example, vertebrae).

Notably, osteoporosis-like phenotypes have been observed in
other transgenic models, either as part of an accelerated senes-
cence process (such as the klotho mouse, showing osteoporosis,
reduced lifespan, skin atrophy, emphysema and infertility6) or as
a result of an unbalanced local cytokine or growth factor
milieul™19, Most of the latter models reflect an induced increase
in bone resorption/remodelling that mimics conditions of high
turnover (type I) osteoporosis; that is, conditions whose hall-
mark is an acute loss of pre-existing bone2. For example, when
TGF-B2 was over-expressed in osteoblasts, a low bone mass
developed as a result of increased bone remodelling®8, indicating
that TGF-P2 is a critical factor in the control of bone remodel-
ling. Overexpression of G-CSF (known to control osteoclast
differentiation) stimulated bone resorption!®, and ablation of
osteoprotegerin, an inhibitor of osteoclast formation, also
resulted in severe and early onset osteoporosis2!, apparently due
to unabated osteoclast formation. In contrast, over-expression of
IL-4 in T-cells resulted in a low bone mass associated with a
reduced level of bone turnover!’. The Bgn line we have generated
develops an osteoporosis-like phenotype as a result of reduced
bone formation and inadequate gain in bone mass during bone
growth. Peak bone mass, achieved by skeletal growth, is the most
critical risk factor for human osteoporotic syndromes, and is the
single pathogenetic factor of osteoporotic diseases for which the
influence of genetic determinants is considered critical. To date,
the complete list of genes controlling the level of peak bone mass
have not been delineated. Mutations in the type | collagen genes
(the predominant structural protein in bone matrix), have been
postulated to result in certain forms of human osteoporosis that
are at the ‘borderline’ with concealed forms of mild osteogenesis
imperfecta?. Deletions of two other connective tissue genes that
are highly expressed in bone (decorin and osteonectin) have
failed to result in a detectable skeletal phenotype?324, whereas
ablation of the osteocalcin gene (a non-collagenous protein
unique to bone matrix) resulted in a phenotype characterized by
increased bone mass and increased bone formation?. Thus, Bgn
is the first non-collagenous matrix protein found in bone that
acts as a positive regulator of bone formation and bone mass, and
indicates that at least one member of the proteoglycan family of
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genes (which encode components that may have a role in matrix
organization) controls bone mass by significantly affecting the
cellular process of bone formation.

Methods

Gene targeting. A 129Sv mouse genomic library (Stratagene™) was
screened with a rat Bgn cDNA probe. A 4.3-kb fragment of mouse Bgn con-
taining the coding sequence of exons 2-5 was used to construct a targeting
vector. Bgn was disrupted by inserting the PGK-neo cassette from the
pPNT vector? into exon 2 at the Tth111l site. The PGK-TK cassette was
used for negative selection?. J1 ES cells?” were transfected with linearized
targeting vector (50 pg per 1.5x107 cells) using a BioRad Gene Pulser™
and grown under double selection (350 pg/ml G418, 2 uM gancyclovir) as
described®, Targeted ES cell clones were identified by Southern-blot
hybridization and injected into C57BL/6 blastocysts to generate chi-
maeras?, Overt chimaeras were crossed with C57BL/6 mice to produce
germline transmission of the targeted allele.

RNA and protein analysis. Western-blot analysis was performed with a
SuperSignal ™ western-blot kit (Pierce) using antibody LF-106 for bigly-
can and LF-113 for decorin®. RNA (10 ug) was separated on an agarose
formaldehyde gel and hybridized with a labelled mouse Bgn cDNA probe®.

Radiographic analysis. Bones were dissected free of soft tissues and sub-
jected to x-ray analysis using a Faxitron MS-20 specimen radiography
system (Faxitron X-ray) and microradiographs were prepared using an
XRG 3000 (Ital Structures) x-ray generator, both using high resolution
film (Kodak).

Histology. Bones were fixed in paraformaldehyde (4%) for 16-24 h. Sam-
ples were demineralized for 7-10 d in EDTA (10%), dehydrated, embedded
in paraffin, sectioned (5 um) and stained with haematoxylin and eosin. For
bone histomorphometry, samples were processed undecalcified and
embedded in either methyl methacrylate or glycol methacrylate. Sections
were stained with methylene blue/Azur 11, Giemsa and von Kossa. For in
vivo fluorescent labelling, a single intraperitoneal injection of tetracycline
(25 mg/kg body weight) was administered at day 0, and a single intraperi-
toneal injection of calcein at the same dose was administered at day 10. Ani-
mals were killed at day 12 (ref. 31). Bones dissected from in vivo labelled
animals were fixed in paraformaldehyde (4%) and embedded in methyl
methacrylate. For each sample, four unstained non-consecutive sections
(10 pm) were analysed by histomorphometry using fluorescence micro-
scopy. All histomorphometric measurements were made blindly on trabec-
ular bone of the femoral metaphysis, using a microscope equipped with a
TV camera interfaced to a computer running custom-designed software for
bone histomorphometry (IAS 2000, Delta Systems). Bone resorption
parameters (osteoclast number and surface) were measured by counting
the number and surface of tartrate-resistant acid-phosphatase—positive
cells3233, All histomorphometric parameters are reported in accordance
with the recommended ASBMR nomenclaturel?. A BV/TV represents the
gain in trabecular bone mass between three and nine months, and is calcu-
lated as the mean difference between BV/TV values recorded at nine months
and the mean values of BV/TV at three months for each group (normal
versus mutant). Statistical analysis was performed by one-way ANOVA with
student t-test for comparison.

Biomechanics. The biomechanical properties of the bones were tested for
bone strength as measured by the property ‘failure load’ and for bone flexi-
bility as measured by the property ‘yield energy’. Biomechanical tests were
performed as described?®. Briefly, whole femora were loaded to failure in a
4-point bending test on a servohydraulic system at a constant displacement
rate of 0.5 mm/s until failure occurred.
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